Radom-Aizik S, Zaldivar F Jr, Leu S, Cooper DM. A brief bout of exercise alters gene expression and distinct gene pathways in peripheral blood mononuclear cells of early-and late-pubertal females. Recent studies show that brief exercise alters circulating neutrophil and peripheral blood mononuclear cell (PBMC) gene expression, ranging from cell growth to both pro-and anti-inflammatory processes. These initial observations were made solely in males, but whether PBMC gene expression is altered by exercise in females is not known. Ten early-pubertal girls (8 -11 yr old) and 10 late-pubertal girls (15-17 yr old) performed ten 2-min bouts of cycle ergometry (ϳ90% peak heart rate) interspersed with 1-min rest intervals. Blood was obtained at rest and after exercise, and microarrays were performed in each individual subject. RNA was hybridized to Affymetrix U133ϩ2.0 Arrays. Exercise induced significant changes in PBMC gene expression in early (1,320 genes)-and late (877 genes)-pubertal girls. The expression of 622 genes changed similarly in both groups. Exercise influenced a variety of established gene pathways (EASE Ͻ 0.04) in both older (6 pathways) and younger girls (11 pathways). Five pathways were the same in both groups and were functionally related to inflammation, stress, and apoptosis, such as natural killer cell-mediated cytotoxicity, antigen processing and presentation, B cell receptor signaling, and apoptosis. In summary, brief exercise alters PBMC gene expression in early-and late-pubertal girls. The pattern of change involves diverse genetic pathways, consistent with a global danger-type response, perhaps readying PBMCs for a range of physiological functions from inflammation to tissue repair that would be useful following a bout of physical activity.
IN THIS STUDY we examined for the first time the effects of exercise on peripheral blood mononuclear cell (PBMC) gene expression in early-and late-pubertal girls. There are mounting data that leukocytes are not only involved in eradicating pathogens but also play a role in wound repair, muscle growth, other key developmental processes, and childhood diseases like asthma and arthritis (12, 13, 27, 31) . Moreover, brief exercise can trigger bronchoconstriction and anaphylaxis, both serious conditions in which the inflammatory response appears to be dysregulated (7) . Our knowledge of the acute effects of exercise on leukocyte gene expression in humans is still rudimentary.
In both adults and children, a leukocytosis occurs following brief, heavy exercise (29) . In addition, we now know from recent studies performed in this and other laboratories that there are remarkable changes in the gene expression profile pattern of the circulating leukocytes rapidly accompanying exercise (2, 4, 9, 25) . The impact of exercise on the immune response is increasingly seen as one of the fundamental mechanisms through which levels of physical activity modulate health, growth, and disease risk in both children and adults.
We hypothesized, first, that exercise would stimulate gene expression in PBMCs in girls; and second, that the genomic response would include alterations in pro-and anti-inflammatory cytokines, stress factors, and growth mediators. The analysis of individual gene responses through techniques like microarray is becoming a powerful tool in understanding mechanisms that control the physiological response of immune cells to a variety of perturbations, but the enormity of the data generated by such analyses can be perplexing, and, at the same time, it is increasingly recognized that the functional, physiological significance of changes in gene expression may be better understood by examining the coordinated modulation of groups of genes acting in discrete pathways. Since very little in general is yet known about individual gene expression of leukocytes in response to exercise, and even less about specific gene profiles in particular, one major objective of this study was to analyze PBMC gene responses to exercise in terms of pathways.
In general, there are fewer studies focused on immune responses to perturbations like exercise in females compared with males. However, it is well recognized that both gender and puberty can influence immune function (11, 17, 28) , and there is a small but growing body of literature suggesting that leukocyte gene expression may also be influenced by these factors (14) . The primary focus of the present study was to continue to test the hypothesis that exercise alters circulating leukocyte gene expression in children as well as in adults. We also began to explore whether puberty altered leukocyte gene expression in response to exercise by recruiting females specifically in either the early or late pubertal stages of childhood and adolescence.
MATERIALS AND METHODS

Subjects
Twenty healthy females participated in this study (Table 1 ). Ten early-pubertal participants (age range 8 -11 yr old) and 10 latepubertal participants (age range 15-17 yr old) comprised the study sample. We used a validated self-administered questionnaire that has been widely used to assess pubertal status (23, 26) . Using this tool, only girls who were at Tanner 1 were included in the early-pubertal group and those at Tanner 5 were included in the late-pubertal group. In the late-pubertal girls, we made no attempt to perform exercise selectively in either the luteal or follicular phase of the menstrual cycle. Individuals participating in competitive sports and with a history of any chronic medical conditions or use of any medications were excluded from participation. The Institutional Review Board at the University of California, Irvine approved the study, and written informed assent and consent was obtained from all participants and their parents upon enrollment.
Anthropometric Measurements
Standard calibrated scales and stadiometers were used to determine height and body mass. Dual-energy X-ray absorptiometry (DXA) was used to measure body fat, expressed as a percentage.
Measurement of Fitness
Each subject performed a ramptype progressive cycle ergometer using the SensorMedics metabolic system (Ergoline 800S, Yorba Linda, CA). Subjects were vigorously encouraged during the highintensity phases of the exercise protocol. Gas exchange was measured breath-by-breath, and the anaerobic (lactate) threshold and peak V O2 were calculated using standard methods (6) .
Exercise Protocol
At least 48 h but not exceeding 7 days following the completion of the ramp test, each subject performed exercise consisting of ten 2-min bouts of constant-work-rate cycle ergometry, with a 1-min rest interval between each bout of exercise. The work rate was individualized for each girl and was calculated to be equivalent to the work rate corresponding roughly to 50% of the work rate between the anaerobic threshold and the peak oxygen uptake (as determined noninvasively from the ramptype test). This resulted in a relative work rate that was equivalent between study subjects. We have used this protocol in the past, first to more closely mimic the "stop-start" nature of spontaneous physical activity (1) , and second to ensure that the exercise input was standardized to physiological indicators of each subject's exercise capacity (32) .
Blood Sampling and Analysis
An indwelling catheter was inserted into the antecubital vein. A baseline sample was taken 30 min after the placement of the catheter and before the onset of exercise. We waited 30 min to ensure that measurable physiological parameters of stress (e.g., heart rate and blood pressure) were at baseline levels. Subjects then completed the ten 2-min bouts of constant work rate, and additional blood samples were obtained immediately after exercise (total of 40 samples). The plasma was separated and stored at Ϫ80°C and thawed only once for analysis. Complete blood counts (CBC) for white blood cell analysis were obtained by standard methods from the clinical hematology laboratory at University of California, Irvine.
PBMC Separation
PBMCs were isolated using OptiPrep density gradient medium (Sigma). Standard and consistent practices were employed in an effort to minimize any potential changes in mRNA expression levels due to manipulation of PBMCs. The duration from blood draw to stabilization of RNA never exceeded 60 min.
RNA Extraction
Total RNA was extracted using TRIzol (Gibco BRL Life Technologies, Rockville, MD) reagent and purified using the RNeasy Midi columns method (Qiagen, Valencia, CA). RNA pellets were resuspended in diethyl pyrocarbonate-treated water. RNA integrity was assessed (before beginning target processing) by running out a small amount of each sample (typically 25-250 ng/well) onto a RNA Lab-On-A-Chip (Caliper Technologies, Mountain View, CA) that was evaluated on an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA).
Preparation of Labeled cRNA
The detailed protocol for preparation and microarray processing was performed as recommended by the manufacturer and is available in the Affymetrix GeneChip Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA). Briefly, 4 g total RNA was used as a template for double-stranded cDNA synthesis. Single-stranded then double-stranded cDNA was synthesized from the poly(A) spike-in controls and mRNA present in the isolated total RNA using the SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) and a T7-oligo(dT) primer (Integrated DNA Technologies, Coralville, IA) that contains a T7 RNA polymerase promoter site added to its 3Ј-end. A portion of the resulting double-stranded cDNA was used as a template to generate biotin-tagged cRNA from an in vitro transcription reaction (IVT), using the Affymetrix GeneChip IVT Labeling Kit.
Hybridization to Microarray
A total of 15 g of the resulting biotin-tagged cRNA was fragmented to an average strand length of 100 bases (range 35-200 bases) following prescribed protocols (Affymetrix GeneChip Expression Analysis Technical Manual). Subsequently, 10 g of this fragmented target cRNA was hybridized at 45°C with rotation for 16 h (Affymetrix GeneChip Hybridization Oven 640) to probe sets present on an Affymetrix U133ϩ2 arrays. The GeneChip arrays were washed and then stained (SAPE, streptavidin-phycoerythrin) on an Affymetrix Fluidics Station 450, followed by scanning on a GeneChip Scanner 3000. Microarrays were performed in each individual subject, not in pooled samples.
Real-time PCR (RT-PCR). For confirmation of microarray gene expression findings, RT-PCR was carried out on six genes selected from the natural killer cell-mediated cytotoxicity pathway (FASLG, GZMB, PRF1, CASP3, CD247, and KLRD1). This pathway was significantly altered by exercise in both the early-and late-pubertal girls. One microgram of RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Reagents kit (Applied Biosystems) according to the manufacturer's instructions, using random primers in a 20-l reaction. The RT-PCR analysis was performed with the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) by using TaqMan Universal PCR Master Mix and Assays-on-Demand Gene Expression probes (Applied Biosystems) (FASLG: assay ID, Hs00181226_g1; GZMB: assay ID, Hs00188051_m1; PRF1: assay ID, Hs00169473_m1; CASP3: assay ID, Hs00263337_m1; CD247: assay ID, Hs00609515_m1; KLRD1: assay ID, Hs00233844_m1). Actin beta was used as an endogenous control.
Data Analysis
Microarray analysis. The results were quantified and analyzed using GCOS 1.4 software (Affymetrix) using default values (Scaling Target Signal Intensity ϭ 500). The microarray data were analyzed using ArrayAssist version 5.2.2 (StrataGene). We normalized the data using GC-RMA. Only probe sets that reached a signal value Ն20 in Values are means Ϯ SE. Peak V O2, peak oxygen uptake. *Significant difference between early-and late-pubertal girls (P Ͻ ϭ0.0002).
at least one array and a present call by MAS5 criteria in at least 30 arrays were selected for further analysis. Overall, 24,089 of 54,675 probe sets represented on the array met these criteria. The microarray CEL files and GC-RMA normalized data have been deposited in the GEO database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE14642). We further applied BRB-ArrayTools software version 3.6.0 (http// linus.nci.nih.gov/brb/tool.htm) to determine significantly changed probe sets from before to after exercise for early-pubertal and latepubertal girls separately. Traditional Student's paired t-test was first applied to each probe set, and then significantly changed probe sets were identified with permutation tests (30) . With 95% confidence, the final list of significantly changed probe sets in each group has less than a 5% false discovery rate (FDR). The change of gene expression from preexercise to postexercise was additionally compared between early-and late-pubertal girls using a two-sample t-test and FDR adjustment.
Gene annotation. The final list of significantly changed probe sets was then additionally analyzed using the functional annotation tools provided by DAVID, the Database for Annotation, Visualization and Integrated Discovery (http://david.abcc.ncifcrf.gov), to classify the genes into pathways using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Only pathways with Expression Analysis Systematic Explorer (EASE) score Ͻ 0.044 are presented in this analysis. EASE score is a modified Fisher exact P value in the DAVID system used for gene-enrichment analysis. EASE score P value ϭ 0 represents perfect enrichment. P value Յ 0.05 is considered as gene enrichment in a specific annotation category (http://david.abcc. ncifcrf.gov/helps/functional_annotation.html#summary).
Comparison of Microarray Results to RT-PCR
We used a paired t-test to determine the effect of exercise on the six genes selected in the 10 early-pubertal and 10 late-pubertal girls.
Physiological Data
The physiological data are presented as means and SE. The twosided paired t-test was applied for testing changes from before to after the exercise within each group, and the two-sample t-test was applied for examining group difference. All analyses were done using SAS9 (Cary, NC), and the significance level was set at 0.05.
RESULTS
Anthropometric and Physiological Characteristics
The anthropometric and physiological characteristics of the 20 participants appear in Table 1 . The subjects were of normal fitness (early-pubertal girls: 93.5 Ϯ 3.7% of the subjects' predicted V O 2max ; late-pubertal girls: 98.8 Ϯ 6.7% of the subjects' predicted V O 2max ) (5) .
Exercise Intensity and Lactic Acid Levels
Relative exercise intensity as determined by heart rate, work rate, and V O 2 was similar between the two groups ( Fig. 1 ). In the older girls, lactate increased from 1.94 Ϯ 0.61 to 6.27 Ϯ 1.98 mmol/l, P Ͻ 0.0001 (ϩ235.8 Ϯ 74.6%). Lactate also increased significantly in the early-pubertal girls [from 2.14 Ϯ 0.67 mmol/l to 5.40 Ϯ 1.70 mmol/l, P ϭ 0.0008 (ϩ166.8 Ϯ 52.8%)].
PBMC Response to Exercise
As shown in Fig. 2 , the number of total WBCs, lymphocytes, and monocytes was found to be significantly elevated at peak exercise in both early-pubertal girls [WBC increases 2,760 Ϯ 466 (51%, P ϭ 0.0002), lymphocytes 1,262 Ϯ 280 (60%, P ϭ 0.0015), and monocytes 212 Ϯ 52 (92%, P ϭ 0.0026)] and late-pubertal girls [WBC 2,800 Ϯ 414 (52%, P ϭ 0.0001), lymphocytes 1,174 Ϯ 321 (72%, P ϭ 0.0064), monocytes 287 Ϯ 86 (94%, P ϭ 0.012)]. There was not significant difference in the number of cells increased in late-compared with early-pubertal girls. 
Effect of Exercise on Gene Expression
Exercise induced significant changes in PBMC gene expression in both the early-and late-pubertal girls. Exercise altered 877 genes (611 up, 266 down) (FDR Ͻ 0.05) in late-pubertal girls and 1,320 (829 up, 491 down) in the early-pubertal girls. Detailed lists of genes that were altered by exercise in earlyand late-pubertal girls are shown in Supplemental Tables S1  and S2 , respectively, which are available with the online version of this article. Figure 3 schematically compares the magnitude of the PBMC gene change in the two groups and shows the 622 genes that were significantly affected in a similar direction (420 up, 202 down) in both groups (Supplemental Table S3 ).
We characterized genes affected by exercise in each group using gene pathway analysis using KEGG. We found 11 pathways in the early-pubertal girls and six pathways in the late-pubertal girls that were significantly affected by exercise (EASE score Ͻ 0.044) ( Table 2 ). Five pathways were the same in both groups. A complete detailed list of the individual genes in the five common pathways is shown in Table 3 . Many of the pathways identified were involved in innate or early immune responses.
Comparison between Early-and Late-Pubertal Females
There were 255 genes affected by exercise in the latepubertal girls that were not affected in the early-pubertal girls, and conversely, there were 698 genes affected by exercise in the early pubertal girls that were not affected in the late (Fig.  3) . However, when we applied the statistical analysis using two-sample t-test described above, we found no significant differences (10% FDR) in individual PBMC gene expression in response to exercise between early-and late-pubertal girls.
RT-PCR Corroboration of Specific Genes
The six genes selected for RT-PCR all were found to be significantly upregulated by microarray analysis. Similarly, analysis of RT-PCR in all 20 participants (early-and latepubertal girls) revealed significant changes in these same genes (P Ͻ 0.004, by paired t-test). Similar to our previous studies (4, 24, 25) , the RT-PCR changes parallel those found by microarray analysis.
DISCUSSION
We found that a relatively brief bout of exercise, designed to mimic more natural patterns of physical activity in children, induced a remarkable change in PBMC gene expression in healthy females. These observations were made using a stringent statistical analysis of the microarray data to limit the possibility of false-positive results. In the early-pubertal girls the relatively brief but heavy exercise protocol altered 1,320 genes, whereas in the late-pubertal girls the expression of 877 genes was changed. The expression of 622 genes changed similarly in both groups (Fig. 3 , Supplemental Table S3 ). We also found that exercise influenced a variety of established gene pathways (EASE Ͻ 0.044) in both older (6 pathways) and younger girls (11 pathways, Table 2 ). The five pathways that were the same in both groups and their individual genes are shown in Table 3 . The majority of the significant pathways was related to inflammation, stress, and apoptosis, consistent with previous work from this and other laboratories on gene expression following exercise in circulating leukocytes in humans. Fig. 3 . Comparison of the effect of exercise on PBMC genes in early-and late-pubertal girls, showing the relative magnitude of the effect (circles) and the size of the overlap (shaded area). There were 622 PBMC genes that were significantly altered by exercise in both groups. Tables S1-S3 are available with the online version of this article. 
Continued
Two alternative mechanisms might explain the robust effect of exercise on PBMC gene pathways: the first, a direct effect of exercise on gene expression within the population of circulating PBMCs; and the second, an indirect effect, the mobilization into the circulation of PBMCs that were expressing genes differently in their marginal pools (e.g., lung, lymphatics) or because of different maturational status of the mobilized PB-MCs compared with those PBMCs already in the circulating blood. In human studies, it would be unfeasible to sample gene expression of marginal pools of PBMCs. Nonetheless, our data do permit us to draw some inferences concerning possible mechanisms.
Consider first, for example, the gene with the highest increase in expression-fas ligand (FSALG). The 4.4-fold increase that we observed for this gene could occur, however, only if marginal PBMCs that entered the circulation during exercise (N.B., we observed about a 65% increase) were expressing FASLG at levels ϳ10-fold greater than the circulating PBMCs. The decrease in expression for another gene, fusion (FUS), which had a fold change of 0.4, is possibly even more definitive. If, in the extreme case, the marginal PBMCs had no detectable expression of this gene, the lowest possible postexercise fold change would be 0.6. Thus it is reasonable to speculate from the current data that exercise has at least some direct effect on gene expression even in the circulating population of PBMCs.
Particularly intriguing was our finding of what appeared to be activation of the natural killer (NK) cell-mediated cytotoxicity pathway. When upregulated, the genes in this pathway enable circulating leukocytes to identify, attach to, and ultimately kill cells perceived as foreign or dangerous (NK cells express an array of activating cell surface receptors that can trigger cytolytic programs, as well as cytokine or chemokine secretion). Although this particular pathway was so named because of work done in NK cells, many of the same genes are expressed in cytotoxic lymphocytes as well (16) . Consequently, changes in gene expression that we identified did not, most likely, result from alterations of gene expression solely in the relatively small number of NK cells but also in CD8ϩ lymphocytes as well.
In the early-pubertal girls, 22 genes in the NK cell-mediated cytotoxicity pathway were altered following exercise (21 had higher expression), and in the late-pubertal girls 18 genes in this pathway had higher expression after exercise ( Table 3) . Many of the genes that had higher expression after exercise involved cell receptors (10 receptors in the early-pubertal girls and 7 receptors in the late-pubertal girls) ( Table 3 ). NK surface receptors can trigger cytolytic programs, as well as cytokine or chemokine secretion associated with inducing apoptosis in target cells. Indeed, there is evidence suggesting that exercise does induce physiological activation of innate immune cells like NK cells (18, 19) , providing a possible link between the exercise-induced changes in gene expression and functional outcomes.
The NK cell-mediated cytotoxic pathway includes processes in which potential target cells must be recognized as "foreign"; consequently, it is not surprising that the antigen processing and presentation pathway, too, was altered by exercise (earlypubertal girls, 16 genes; late-pubertal girls, 13 genes, Table 3 ). In the early-pubertal girl group, 10 genes within this pathway had higher expression after exercise-all of them within the class I major histocompatibility complex (MHC I) pathway that inhibits the cytotoxic activity of NK cells. Similarly, six genes in the antigen processing and presentation pathway within the class II major histocompatibility complex had lower expression after exercise consistent with a muting of cytotoxic activity in CD4T cells. We speculate that the seeming paradox that activation by exercise of genes that attenuate the killing LG, late-pubertal girls. *Fold change is defined as the geometric mean of expression levels of After/Before. A fold change of 0.7 indicates the expression level after exercise is about 70% of the expression level before the exercise. A fold change of 1.6 indicates the expression level after the exercise is about 160% of the expression level before the exercise. function of NK and cytotoxic t-cells occurs at the same time the numbers of these cells increase in the circulation is another manifestation of the ability of exercise to simultaneously stimulate both pro-and anti-inflammatory leukocyte function. The regulation of leukocyte function in response to exercise might parallel that of circulating cytokines, as noted earlier by Ostrowski et al. (22) : ". . . cytokine inhibitors and anti-inflammatory cytokines restrict the magnitude and duration of the inflammatory response to exercise."
In the present study, heat shock 70-kDa protein 1a (HSPA1B), one of the genes in the antigen processing and presentation pathway, had higher expression immediately after exercise in both early (2.90-fold change)-and late-pubertal girls (3.37-fold change). These data corroborate the growing body of evidence implicating the heat shock protein family of chaperone genes and proteins in the cellular response to exercise. Most studies have focused on muscle tissue in which exercise is now known to elicit a robust Hsp gene and protein response (20) . Intriguingly, there are also data from this and other laboratories pointing toward an Hsp gene and protein response in circulating leukocytes following exercise as well (4, 8) . For example, in our own earlier studies in PBMCs in young men and in early-and late-pubertal boys (25) , we also found that members of the HSP gene regulatory family were altered by exercise. HSPs are increasingly seen as early responders in the signaling that occurs in the systemic immunological response to "danger" (21) . Hsp70, one of the HSPs found in the circulation, is emerging as pluripotent cytokine and mediator (3) . The consistent increase in Hsp70 gene expression in PBMCs in early-and late-pubertal girls suggests that its role is likely to be in modulating activation of leukoctyes early in the danger or stress response paradigm. The functional consequences of this exercise-altered gene expression in Hsp 70 have yet to be elucidated.
We found a general suppression of the B-cell receptor signaling pathway. Circulating B-cells are activated through stimulus of their receptors (by interaction with APCs) and then differentiate into either circulating memory B-cells or immunoglobulin producing plasmacytes. The impact of exercise on B-cell immunoglobulin production is not fully elucidated; however, there are several studies suggesting that even moderate exercise (e.g., ϳ35% peak V O 2 ) leads to suppression of immunoglobulin production (10) . Our finding, that exercise attenuated the B-cell receptor signaling pathway, is consistent with these previous observations, and again, suggests the possibility of regulation of leukocyte function at the gene expression level following exercise.
We attempted to examine possible differences and similarities in the gene expression response to exercise between the early-and late-pubertal girls. One remarkable finding was the consistency of the fold change in the group of genes that were significantly influenced by exercise in both groups (Fig. 4) . Clearly, there is a well-controlled pattern of gene expression in leukocytes in response to exercise that is manifest in both early-and late-pubertal girls.
In examining Fig. 3 , we wondered whether within the set of genes that did not overlap (i.e., genes whose expression significantly changed in one group following exercise but not the other) there were examples of genes that differed significantly between the early-and late-pubertal girls. Applying rigorous statistical modeling, however, revealed no genes that achieved statistically significant differences despite the fact that there were 698 genes affected by exercise in the early-pubertal girls only, and 255 genes affected by exercise in the late-pubertal girls only. It is possible that given the large number of genes examined in the microarray, and the relatively small sample size, we inadvertently limited our ability to discover moderate maturational differences in gene expression evoked by exercise. Other techniques, such as the use of RT-PCR on targeted gene candidates, may prove to be better adept at finding smaller but consequential differences related to maturation.
We also compared the results in females with those obtained in recently published early-and late-pubertal boys (24) . A number of hypotheses suggesting sex differences do emerge from the data. Indeed, there were many more genes that changed similarly in the late-pubertal boys and girls (453 genes in common) than in the early-pubertal subjects (80 genes). These data are included in Data Supplements 4 and 5, available with the online version of this article. In the early-pubertal subjects, the younger boys had far fewer genes influenced by exercise (109 genes) than did any of the other groups (i.e., early-and late-pubertal girls: 1,320 and 877, respectively; late-pubertal boys: 1,246). These initial observations raise intriguing questions regarding the role of sex hormones, maturation of physiological responses to exercise, and sex-associated changes in body composition on the PBMC response to exercise that await further investigation.
Exercise is a complex and profound physiological perturbation in which, not surprisingly, the sudden insult to cellular homeostasis leads to a systemic "danger-type" response (15), one reflecting the increased vulnerability of an organism required to flee a predator or pursue prey. Our data indicate that in early-and late-pubertal girls brief exercise is associated not only with increased numbers of immune cells in the circulation but also may serve as a "wake-up" call in which key gene pathways are activated preparing PBMCs for fighting infection, wound repair, and, at the same time, setting the stage for apoptosis should these functions not be needed and the activated cells be eliminated. We could not, in these experiments using minimally invasive procedures in healthy children, determine whether the changes in gene expression resulted from direct effects of exercise on PBMCs or, alternatively, from a shift of PBMC type cells in marginal pools that were expressing genes differently than those in the circulation. By whatever mechanism, however, exercise-associated changes in gene expression in the circulating pool of PBMCs was substantial. The Fig. 4 . Comparison of fold change in 622 PBMC genes that were significantly affected by exercise in both the early-and late-pubertal girls. Data points represent the mean fold change for each of the exercise-sensitive genes in both groups. The fold change in the 2 groups was highly correlated (r ϭ 0.98). extent to which changes in gene expression in PBMCs are accompanied by functional or physiological changes in these cells, and either ameliorate, or, if abnormal, stimulate disease, has yet to be determined.
